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REACTANCE AND REACTANCE COILS IN POWER CIRCUITS.

By E. P. HOLLIS, Associate Member.

(Paper first received 29th August, and in final form 3rd December, 1913 ; read before the NEWCASTLE LOCAL
SECTION, 26th January, 1914.)

SUMMARY.
In this paper the author proposes to review the part

played by inherent and added inductance in the pheno-
mena that occur in electric power circuits.

INTRODUCTION.
One of the most remarkable events in the recent history

of electrical engineering has been the complete change of
opinion of electrical engineers on the question of the use
of reactance in alternating-current circuits. Until recently
engineers endeavoured to avoid reactance in all its forms ;
but it is now realized that reactance has virtues hitherto
unsuspected, which if turned to account confer important
benefits on electrical power supply systems. In 1907 the
author had evidence of the general opposition to reactance
on the usual grounds of the likelihood of resonance, when
in a paper read before the Newcastle Local Section he
advocated for certain purposes the insertion of reactance
coils in alternating-current circuits. Reactance coils
are to-day being used not only for the purpose then
suggested, but also where their introduction has far more
vital consequences.

In 1900 when the rotary converter first came into pro-
minence, reactance proved a valuable auxiliary, and this
was probably the first occasion on which large reactance
coils were used in power circuits. The rotary converter at
that time gave a fixed voltage ratio, and offered no inherent
method of regulating the pressure on the continuous-
current side. This disadvantage was soon remedied by
inserting reactance coils in the low-tension alternating-
current circuit. External reactance coils were often
installed, but as patent rights restricted the use of actual
coils it was found possible in the majority of cases to design
the transformers with sufficient internal reactance to meet
the situation without lowering the power factor too much.

THE NEED FOR REACTANCE COILS IN POWER SUPPLY.
Recent progress in electric power supply has marked out

for reactance coils a promising future, and it is probable
that they will prove of assistance in solving some of the
problems that beset engineers concerned with the opera-
tion of extensive power supply systems.

One of the most pressing of these problems is that of
limiting the excessive current that may momentarily flow
in the case of a short-circuit. There is also a problem
to which the author attaches equal importance, but to
which far less attention is paid, namely, increasing the
stability of power systems so that they can better with-
stand internal disorders.

As is well known, the short-circuit current of a generator
reaches far larger dimensions than might be supposed
at first sight, for the true short-circuit current is very
different from that shown by the ammeter in a short-
circuit test at the works. The latter reading is of the
order of from three to five times the full-load current.

It has, however, for some years been known that in the
case of a generator in which no special care had been
taken to ensure a high self-induction, the current rises at
the first instant of short-circuit to something like 30 times
the full-load current. What exactly happens on short-
circuiting a large turbo-alternator has been discussed at
some length in recent electrotechnical literature, so that
the author will content himself with a few brief remarks
on this question.

There are five main effects which play a part in deter-
mining the value of the momentary short-circuit current
of a generator. These are the self-induction of the
armature, the armature reaction, the generation of eddy
currents in the rotor, the transformer action between the
armature and field coil, and lastly the resistance and surge
impedance of the short-circuit path. It is the self-induc-
tion of the armature that plays the leading part in limiting
the short-circuit current. The first rush of current is
controlled by little more than the self-induction of the
armature and the resistance of the circuit, which act
practically instantaneously in stemming the rush of current.
The eddy currents and the armature reaction, however,
are unfortunately very slow in taking effect at such a
critical moment. On the other hand, the transformer action
is also slow. The armature reaction gradually asserts
itself, sometimes attaining its full effect only after 15
seconds or more, when the initial rush of current lias
passed and the damage is done.

The eddy currents too are dilatory in their counter-
effect ; they reach enormous values, however, both as
regards current and voltage, and they have been observed
to flash over in search of a new path. Eddy-current
effects have been recorded equivalent to 2*4 times the
armature reaction.

Little is known of the effects of transient resistance
upon the short-circuit current, but since the pressure drop
due to resistance would be 90 degrees out of phase with
the inductive voltage, any increase in the resistance of the
circuit would have to be extremely large in order to make
itself felt in limiting the short-circuit current.

The phenomena in connection with the field flux are
very complicated. The transformer effect at the moment
of short-circuit is such as to send surging through the field
coils a current which has been observed to have a peak
equivalent to 10 times the normal field current. This
change in the field current, and consequently in the field
flux, appears to assist the armature current. One theory
which has been advanced balances the effects of the eddy
currents and the field flux changes against each other ;
but there appears to be no justification for such a theory.
Apart from armature resistance, practically everything
depends on the ability of the self-induction of the arma-
ture to limit the current. Recent developments in design
have tended to reduce the self-induction of the armature,
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with the result that in a modern turbo-generator, unless
very special endeavours are made, the leakage reactance
(i.e. that due to self-induction only) represents only from
10 to 15 per cent of the synchronous reactance measured
on the short-circuit test. It is not surprising then that the
r.m.s. value of the momentary current may attain 20 to 30
times the normal full-load value (i.e. have a short-circuit
ratio of 20 to 30) as has been demonstrated by experiment.
Nowadays, however, designers have paid special attention
to increasing the self-induction of the armature, and by
various devices have increased the ratio between the
armature inductance and the whole inductance.

The part played by eddy currents and fluctuations in the
field flux in damping the first few waves is, like that
of the armature reaction, not very great. Nevertheless,
they have a not inconsiderable effect on the short-circuit
current. Taking the tests which have been made upon
short-circuited generators, the values of the currents
actually attained are less than would be observed were
leakage reactance the only limiting factor. Indeed, there
seems to be a transient reactance operating at the
moment of short-circuit, which adds something like 60
per cent to the leakage reactance of the armature and
reduces the current to a smaller value than it would other-
wise have attained. This value is nevertheless high, and
is shown by experiment to be of the order of 20 to 30
times the full-load current. The rush of current in the
field coils which occurs in the case of a short-circuit may
conceivably give rise to a breakdown in them.

If one considers the destructive power produced in
the case of such a short-circuit, it becomes obvious that
something should be done to limit the flow of current.
Taking a power-supply system in which-generating plant
to the amount of about 50,000 kw. is in use daily, a short-
circuit between phases near the power station might
mean a current of 120,000 amperes, which of itself would
exert sufficient mechanical force to cause serious damage
to cables, busbars, and connections. On the switches,
also, its action would not be negligible. Of course, while
the closed circuit existed the power would be of small
amount, but as the switch in attempting to cut off the
short-circuit begins to open, the power rises to a high
value. With the switch closed the current is 120,000
amperes, and the voltage negligible ; and with the switch
open the current is zero and the voltage is the full phase
value ; but between these positions there is a moment
when the amount of power is exceedingly large. It can
be expressed in kilovolt-amperes for one phase by half the
product of the maximum current and the maximum kilo-
volts ; which comes to over half a million kilovolt-amperes.
No doubt a specially designed circuit-breaker would deal
with that amount of power, but the chances of trouble
in a. switch of standard design are very great.

It appears, then, that a good case can be made out for
imposing some limits to the amount of short-circuit
current. In many instances reactance coils are being
successfully employed for this purpose.

REACTANCE COILS AND THE STABILITY OF POWER SUPPLY
SYSTEMS.

Apart from their ability to relieve the power station of
the shocks and stresses due to short-circuits, reactance
coils largely promote the stability of a system, and it will

probably happen that when the time comes for the opera-
tion in parallel of distant large power stations reactance
coils will become essential.

Between alternators working in parallel there is a
continual interchange of current, which tends to keep
the two machines in step. The current which flows, how-
ever, is not all available for promoting parallel running. As
is well known, only its synchronizing component is so
available, and anything that increases that component
also improves the parallel running of the machines. The
reactance coil does this, for the current flowing between
the machines being more or less in quadrature with the
main voltage, has to be brought more nearly into phase
with the voltage before it can be useful in promoting
synchronism. In the absence of adequate reactance the
synchronizing component of this current is only small.
The presence of reactance, however, greatly increases the
value of this component. Usually the inherent leakage react-
ance of the machine sufficiently exceeds the resistance to
ensure that machines in the same station run fairly well in
parallel. The ratio of reactance to resistance deemed
necessary for this purpose is about three or four to one.
Where the machines have considerable resistance between
them the leakage reactance is less than the resistance, and
bad parallel-running results. Not only, then, will react-
ance improve the running of the machines in the power
station, but it adds materially to the stability of the system
as a whole by assisting the synchronous machinery at a
distance—whether generating or motoring plant—at criti-
cal moments. Hitherto the reactance of the transformers
and transmission lines has only been available for this
purpose.

In other directions also reactance promotes stability.
Schuchardt and Schweitzer's* experiments demonstrated
that with adequate protection the generator speed did
not drop more than 2 per cent on short-circuit. More-
over, the voltage of the generators does not decrease
so much ; the liability of electrical machinery connected
to the system to fall out of step is therefore lessened—
a point of considerable importance.

REACTANCE AND ITS EFFECT ON THK CONTINUITY OF
SUPPLY IN POWER STATIONS.

For some years attempts have been made to promote
continuity of supply in power stations by adopting the
so-called "unit" system of running. In a previous paper
read before the Newcastle Local Section of the Institution,
the present author, writing at a date when the system had
never been put into operation in this country, discussed its
merits and defects Actual experience confirms the views
which he then expressed. But the unit system goes a very
small way towards promoting the reliability of the system ;
for unless the expenditure be very great the generators
must run in parallel, either through the busbars or the
network, and all the troubles incident to a breakdown on
the busbar side of a grouped station are repeated in the
case of a system operated on the unit principle. The
boilers, too, must be operated in parallel.

Power-limiting reactance coils are valuable not only
when inserted in the phase leads of the generator, but also
between the busbar sections. If the coils are merely

• Transactions oj the American Institute of Electrical Engineers, vol. 30,
part 2, p. 1143, 1911.
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inserted in the phase leads, when a number of machines
are running in parallel with the " star-point" of only one
machine earthed, that machine takes the whole of the
current of a short-circuit between one phase and earth,
and in consequence it has to withstand all the stresses.
Should, however, all the generators be connected to a
neutral busbar which is connected to earth through a
resistance or reactance coil, the short-circuit current divides
between all the machines, and while the portion taken by
each machine may be comparatively small, the aggregate
may attain undesirable dimensions.

Reactance coils inserted in the busbars, however, limit
the amount of power which a group of machines can
supply on short-circuit to a feeder the normal load of
which is being supplied in part by another group of
generators. The station busbars would be "ring" con-
nected and a set of reactance coils would be placed between
each group of machines. Thus the perfect unit system can
be more nearly attained by using reactance coils.

The amount of reactance to be used between the busbars
is determined by several considerations. First, it must be
high enough to prevent a serious fall of pressure in its
section in the case of a short-circuit on another section ;
and, second, it must not interfere to any appreciable extent
with the current that must necessarily pass between the
various busbar sections to accommodate changes of load.or
to promote synchronous running. Circumstances peculiar
to every case fix the exact value of the reactance, for which
20 per cent * of the generator capacity of each section
would be an approximate figure.

Reactance coils in feeder circuits naturally follow for
limiting the power on short-circuit in underground and
short overhead lines. In the case of interconnecting mains
between power stations, reactance is also desirable to
promote parallel running, especially where the resistance
of the feeders is large.

INTERNAL AND EXTERNAL REACTANCE IN GENERATORS.
Whether internal or external reactance is to be employed

in the case of a generator is a further ramification of the
main problem. Dynamo designers have occasionally taken
exception to the idea of external reactance, and have
declared their ability to embody all the necessary reactance
in the machine itself. That may often be a difficult matter
for very obvious reasons, since the whole of the reactance,
say 15 per cent, in order to be effective in preventing
rushes of current in the case of short-circuits, must be of
the leakage or self-inductive variety.

Apart from questions of design, it is evident that a con-
siderable proportion of the inductance must be external to
the machine. One of the duties imposed upon a reactance
coil is that of protecting the generator itself from a heavy
influx of power from the system in the event of a burn-out.
Such a burn-out occurring near the terminals might rob the
generator of all or a large part of the reactance on which
it depended for its protection. So that in the event of the
reactance being wholly internal little protection will be
afforded to a broken-down generator, and at least some of
the reactance must be external. Perhaps an equal division,
internal and external to the generator, would meet most
cases.

• The value of the reactance coil is most conveniently referred to in
terms of the percentage drop of voltage across its terminals with fu 1-
load current flowing.

REACTANCE CIRCUIT-BREAKERS.

The heavy duties which the modern oil circuit-breaker
is called upon to perform present severer difficulties as the
size of the generating unit increases. So much so that
cases are on record where two circuit-breakers have been
installed in parallel. For rupturing heavy currents a
" resistance" circuit-breaker was developed in which
instead of the current being broken immediately, a number
of auxiliary steps opened first and inserted a gradually
increasing resistance until finally the main contacts opened
and completely broke the circuit. In this manner the
current was gradually reduced and the duty imposed upon
the main contacts was lessened. Although theoretically
sound, the principle introduced difficulties in practice.
The power absorbed in the resistance caused a large
amount of heat to be generated, and the problems of
insulating such a resistance were not easy of solution.
Reactance, however, is a preferable alternative to resist-
ance, and it has been successfully employed in this direc-
tion. Instead of a number of steps, as in the case of a
resistance, only a single step is employed. The reactance
coils are so connected that they tnay be placed in series
with the line, the load, and the main contacts ; but with
the circuit-breaker closed they are short-circuited by
auxiliary contacts. These contacts are the first to open
and thus connect the coils in series with the line and reduce
the current before the main contacts separate. These
main contacts then break the load-current at its reduced
value.

REACTANCE COILS AND THE SWITCHING-IN OF
GENERATORS AND MOTORS.

The dangers attending the synchronizing of large turbo-
alternators have long been recognized and the sticking or
slow operation of an oil switch may imperil the safety of a
large generator. In several instances abroad, operating
engineers have gone to the other extreme, and by inserting
reactance coils between the incoming generator and the
busbars have freed themselves from the anxieties of
synchronizing. These coils have been designed to allow
the generator to be switched in when 180 degrees out of
phase with the busbar voltage without undue stresses being
caused. Under these circumstances it is unlikely that a
machine unprotected by reactance coils would remain un-
damaged, since both the current and voltage conditions
severely test the generator. The resulting pressure
between the busbars and the generator would be twice the
generator voltage, but the pressure wave would certainly
not oscillate about the neutral axis. On the contrary, it
might oscillate so far above it that the maximum pressure
to earth would be four times the normal.

With the development of the so-called " self-synchroniz-
ing " synchronous motor, it is not improbable that reactance
coils will be employed to limit the rush of current on
switching in, taking the place of more complicated starting
devices.

THE EFFICACY OF REACTANCE COILS.

Assuming that some limit should be set to the amount of
short-circuit current, it still remains to be shown that the
insertion of external reactance can effect the desired reduc-
tion in current. Experimental results at the Fisk-street
station, Chicago, clearly indicate that reactance coils do



HOLLIS: REACTANCE AND REACTANCE COILS IN POWER CIRCUITS. 257

materially reduce the short-circuit current. An observed
short-circuit current of 30,000 amperes with no external
reactance but 2 per cent of internal leakage reactance was
reduced to 19,400 amperes by 3̂ 93 per cent of external
reactance, and to 15,800 amperes by 6-26 per cent. Durgin
and Whitehead * have derived a formula from which the
maximum short-circuit current can be calculated by
simple low-voltage short-circuit tests. Applying this
formula, curves have been obtained from which it is an
easy matter to deduce the effect of a short-circuit with
varying values of the reactance. Starting in a particular
instance with a short-circuit current of 27 times the full-
load value, 6 per cent of reactance would reduce it to 15
times, and 15 per cent to about 9 times, the mechanical
stresses on the end-turns being respectively 729, 225, and 81
times the full-load value. The conclusion reached as the
result of this investigation, namely that the total leakage
reactance should not be less than 15 per cent, seems to
have every justification.

As might be expected, it appears from Durgin and
Whitehead's formulae that the effect of resistance in circuit
with a fault diminishes the part played by the reactance
coils in limiting the short-circuit current. That, of course,
is all to the good ; it is in the worst conditions, when there
is a very low fault resistance, or a low impedance of the
system short-circuited, that the reactance coil is most
needed. One fact in connection with the tests taken at
the Fisk-street station is of considerable importance. The
tests demonstrated that the presence of steam on the
turbine in no way affected the results, i.e. the short-circuit
energy came from the rotating mass of the machines. The
author inclines to the opinion, then, that on a large power
supply system, where there is not only the rotational
energy of the turbines, but also that of all the other syn-
chronous and asynchronous machinery, the short-circuit
current must be far larger than the calculations and
experiments on a single machine would lead us to expect.

REACTANCE AND THIRD-HARMONIC CURRENTS.

One of the earlier uses to which it was suggested to put
reactance coils in alternating-current power circuits was
that of limiting the flow of the third-harmonic currents
between three-phase star-connected generators. To limit
such currents many engineers have resorted to the. earthing
of only one generator " star-point." In order to limit the
short-circuit current a resistance and now a reactance are
included in the earth circuit. But this suggestion of using
reactance was made in the early days when the possibility
of troubles due to resonance were ever present in the
engineer's mind. However, the reactance which is now
embodied in the generator or inserted in the phase leads
for quite another purpose, also serves to limit any third-
harmonic currents that would tend to flow when all the
"star-points" of the generators were connected together.
The triple impedance offered to the third harmonics by
virtue of their frequency is doubled, since the reactance of
the phase windings and that in the phase leads have both
to be traversed. Calculations based on the low figure of a
10 per cent total leakage reactance (not including arma-
ture reaction, which does not affect the third harmonics)
show that the danger of the third-harmonic current reach-

• Proceedings 0/the American Institute of Electrical Engineers, vol. 31,
p. 897, 1912.

ing 20 per cent of the full-load current is remote, even when
operating with widely differing values of the excitation.
Such a current may at first sight appear dangerous, but in
reality its effects are negligible. Taking as an example a
10,000-k.v.a. 11,000-volt generator, having a total leakage
reactance per phase of 10 per cent external and internal,
with a third-harmonic voltage equal to 10 per cent of the
fundamental voltage between the star-points of the gene-
rator, the heating loss would be increased by 1 per cent.
Thus a 10 per cent reactance inserted in the phase leads
renders the third harmonic negligible ; and even an 8 per
cent reactance does all that is necessary in this direction.

REACTANCE AND REGULATION.
Increased reactance in a circuit with a lagging power

factor naturally adversely affects the regulation. But this
is a matter which is not so important as it was some years
ago. In the past, specifications demanding good regulation
have compelled the designer to force his designs and to
produce a more costly machine. It has often been pointed
out that good regulation is not an unmixed blessing, and
that it is a big strain on the switchgear and the generator
itself at the moment of short-circuit. Now, however, the
situation is greatly changed. The development of the
automatic regulator offers a solution, and a generator with
poor inherent regulation can be made to give a pressure
curve comparing favourably with the best that can be
obtained from the most carefully designed good-regulating
machine.

In a sense reactance improves the regulation, since at
critical moments in the case of a short-circuit it helps to
maintain the voltage when otherwise the pressure would
have decreased and the synchronous machinery have
fallen out of step.

REACTANCE IN TRANSFORMERS.

At first sight it might appear that the benefits conferred
by reactance and reactance coils upon a generator should
naturally apply, if not in degree at least in kind, to the
transformer. This is, however, far from being the case, as
the position is entirely different, and the premises which
permit a successful application of reactance coils to
the generator have little in common with those where such
coils have to be considered for protecting transformers.

The problem of protecting a transformer against
high-frequency surges is an old one. It has been found,
as everybody knows, that these discharges flowing into the
transformer break like a wave against a breakwater and
expend their energy in the first few turns of the trans-
former winding, occasionally breaking it down. Reinforcing
the insulation of the end turns has been successfully
resorted to, but one would naturally inquire whether it
would not be better to provide an external reactance
coil to resist the on-coming wave. There can be no doubt
that a special coil is more suited for the purpose, but it
appears to introduce a concomitant source of danger which
cannot be passed over without consideration.

A transformer possesses distributed capacity, inductance,
and all the characteristics that go to form an oscillatory
discharge ; and not only would the reactance coil prevent
abnormal waves from entering the transformer, but it
would retain inside the latter all those oscillatory currents
which either arise inside the transformer or come from
the line, and are transformed to a higher pressure at the
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point where the line is connected to the transformer. To
remove all danger when using a large reactance coil it
would be desirable to equip the transformer with a protec-
tive device across its terminals which would safely dissipate
the oscillatory pressures. It would appear then that if the
same protective effect of a coil could be secured by endow-
ing the transformer with high internal reactance the latter
method would be preferable. This point will be further
discussed.

Up to recent years consulting engineers specified
transformers with low reactance. They were in some
way justified, for reactance was undesirable in a lighting
circuit, but transformers for power purposes seldom
escaped the same condition. Now, however, the position
is reversed, and consulting engineers specify high reactance
and obtain it. The interior of a transformer is, however,
no place for a large amount of reactance. The duty of
the transformer is to transform, and while the small per-
centage of reactance that may be desirable for the voltage
regulation of not too greatly over-compounded rotary
converters can usefully be embodied in the design of the
transformer, the use of high internal reactance is undesir-
able. It may fail to achieve its object in one essential
effect, and perhaps in two. In addition the eddy-current
losses become largely increased.

The general idea underlying the choice of a high react-
ance in a transformer is that it will do two things :—First,
it will limit the short-circuit current; and second, by this
limitation the internal mechanical stresses of the trans-
former will be reduced. It may be that neither of these
objects are attained to the desired degree.

There are many methods of increasing the reactance of
a transformer, either by an adjustment of the design with-
out the designer going out of his way to include any special
feature, or by introducing a special leakage path. A small
amount of reactance can be secured in a transformer of
standard design sufficient for most rotary converter work,
and higher reactances up to 25 per cent are possible by
introducing special arrangements, such as the use of mag-
netic shunts to increase the leakage flux. But where this
high reactance obtained by magnetic shunts is inserted
merely to minimize the destructive tendencies of the
short-circuit current, then the transformer is not protected
as it might be, since it is impossible to design a trans-
former with magnetic shunts which will maintain its
reactance in the case of a heavy short-circuit current.
Far too much iron would be necessary in the shunt to
carry the very heavy flux, and the regulation at normal
loads would be very bad.

In the external reactance no iron at all is of course used,
an air core being employed in order to avoid this defect,
so that high internal reactance may be useless for limiting
the short-circuit current. Indeed, it is very doubtful
whether most transformers would survive a " dead " short-
circuit on their terminals if the full primary pressure were
maintained, particularly if the short-circuit occurred at the
moment when voltage was passing through its zero value,
the flux then being a maximum. Cable breakdowns would
occur at maximum voltage, so that stresses would not be so
severe in that case.

On short-circuit, transformers have the advantage that
they are able to count upon some of the generator react-
ance, although the full synchronous reactance could not

take part in damping down the short-circuit current. The
exact amount of this assistance depends upon the relation
between the sizes of the generator and transformer.

Considering next the reduction of the mechanical stresses
inside the transformer due to the use of high internal
reactance, many consulting engineers have thought a high
internal reactance meant that the internal mechanical
forces would be low in the case of a short-circuit. Yet
high reactance is no absolute criterion of the relative
strength of the internal mechanical forces. Of two other-
wise identical transformers, the one with the lower react-
ance may conceivably experience smaller mechanical
stresses at the moment of short-circuit. Everything turns
upon how the designer has obtained the high reactance
which he desires. The easiest and most convenient
method of obtaining a high reactance is to decrease the
number of coil groups in the winding, the reactance vary-
ing inversely as the square of the number of these groups.
But so does the mechanical stress,* and a detailed con-
sideration of the question shows that the mechanical
forces are not materially reduced. On the other hand, if
the increased reactance be obtained by enlarging the dis-
tance between the secondary and primary groups—and it
will be noted that a high-tension transformer has inher-
ently a higher reactance than a low pressure one owing to
the larger amount of insulation necessary giving a leakage
path of larger area—then high reactance is attained which
will have the same effect as an external reactance coil.

Reactance can only be relied on as a current-limiting
factor so long as the iron paths which carry the leakage
flux remain unsaturated ; high internal reactance does not
improve the transformer—very often it will mean much
greater eddy current losses—and there are a large number
of transformer designers who would prefer to design
their plant untrammelled by any need of attaining high
reactance.

Summing up the merits and demerits of high internal
reactance, it seems better to obtain any large amount by
the aid of external coils, especially when the limiting of
the short-circuit current is in mind. The risk of internal
disorders may be considered remote or immediate, and if
the latter view be accepted, steps would be taken to protect
the transformer by a shunted discharger. Small reactance
coils are usually immersed in the oil with the transformer.

REACTANCE COILS AND TRANSMISSION LINES.

Inductance plays a prominent part in the characteristics
of transmission lines. In long lines, the line inductance
is co-responsible with the capacity for a large rise in
pressure towards the receiving end of the line. Any load
other than one with a leading current reduces this excess
pressure considerably—an inductive load more than a non-
inductive load—and the power factor alters throughout
the line. With an inductive load and a leading power

* The reactance is calculated from a formula of the nature—
Reactance volts

(no. of turns)2 X current x (area of leakage path)
= —r, n—T-,—; rrr—-, ; -—rs—~ X constant.

(length of leakage path) x (no. of groups)2

while the formula for the mechanical stresses takes the form (where
all the groups are alike)—
Mechanical stress

(no. of turns)2 x (current)2 . ,.„„_ __i » ' v constsnt
~ (length of leakage path)2 X (no. of groups)*
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factor at the generating end of the line, the power factor
increases towards the end of the line, reaching unity at
some point prior to the end. It then falls to a lagging
value at the load.

This excess pressure is a cause of anxiety in long lines,
for the voltage regulation is bad. On switching in the
line the pressure at the far end rises at least to its no-load
value, which may often be 150 per cent of the generator
pressure. This will occur apart from any surges, but
frequently the no-load voltage will be exceeded and a
pressure 200 per cent of that of the generator may be
reached. The immediate effect of such a rise in pressure
is that the insulators at the far end of the line become
overstrained and may flash over. But the suspension
insulator may be the strongest part of a system, so that the
transformers will often be the first to break down if a
failure occurs. By reducing the diameter of the conductor
near the receiving end so that it is just above the critical
value for corona loss for the maximum working pressure,
the corona loss may be relied upon to relieve to some
extent the over-tension of the line should the latter suddenly
be deprived of its load. With varying loads, too, the
pressure changes are great at the end of the line and are a
considerable source of inconvenience.

To this difficulty has to be added that due to supplying
the charging current to the line. At no-load this current
often exceeds the kilovolt-ampere capacity of a single
generator (say one-fifth of the total output of the station)
with the result that two or more generators are kept
running merely to supply a very small load. The remedy
is simple, though it is doubtful whether it has yet been
applied. Shunted capacity can be compensated for by
shunted inductance,* and the best palliative would be a
uniformly distributed inductance throughout the whple
length of the line. This, however, is a counsel of per-
fection, and the best that financial considerations would
permit would be a few reactance coils at intervals along
the line. Preferably these should be automatically adjust-
able with the load, by methods discussed elsewhere in this
paper, but non-adjustable coils would still serve. Except
under special circumstances the power station is no place
for these coils. By placing them along the line both the
pressure rise and the heavy leading current are affected;
but by putting them in the power station only the
leading current is remedied, and then merely at the
generator.

Apart from voltage regulation the introduction of
reactance, series or shunted, may be used to increase
the efficiency of the line and the maximum amount of
power that can be transmitted.

A line with large inductance may take less power under
short-circuit than on full load ; indeed, this is a charac-
teristic of the long-distance transmission line.

In transmission lines the conditions which prevent the
use of iron in reactance coils for power-limiting purposes
are not present. Iron-cored coils would be much cheaper
and would lend themselves to several methods of auto-
matic or hand adjustment which would not be open to
coils wfth air cores.

The relations between the inductance and capacity,
which play so prominent a part in shaping the transient

* In telephone work shunted capacity is compensated by series
inductance (loading coils).

phenomena occurring in transmission lines, are not
discussed in this paper.

CONSTANT POTENTIAL TRANSMISSION.

One of the developments that the future may hold is
that of a large electrical network interlinked throughout
and fed at numerous points at which opportunities for
cheap power development present themselves. Such a
system exists to some extent to-day on the north-east
coast, and there is every likelihood that in other industrial
centres this lead may be followed. In such a scheme
under present conditions variations in pressure throughout
the system are unavoidable. No matter how carefully the
pressure-drops are calculated for the various portions of
the network, calculations will be upset by inevitable
temporary changes in the points at which the power
is fed into the mains.

Voltage reduction is not a question to be treated
lightly. Where it is recognized as inevitable, com-
pensation can be effected in the ratio of the transformers
supplying the load, but this means that transformers
of varying ratio will be required all over the system ; and
even then where long distances are involved the difference
of pressure between full and no-load will be large, the
pressure of the generating station being supplied by
shorter lines with practically no drop.

These and other considerations have given rise to
proposals for constant-pressure schemes in which, how-
ever large and however extensive they may be, the voltage
is maintained constant. The theory on which these pro-
posals have been based is that since a leading current
flowing through a reactance experiences a rise in pressure,
this phenomenon can be utilized to give a constant-
potential line by varying the amount of leading current
according to the load. This theory, be it noted, premises
the inclusion of a considerable reactance—no matter how
it may have been obtained—in the line. The source of
leading current of adjustable value can only be syn-
chronous condensers, over-excited motor-generators, and
(but not advisedly) rotary converters situated at various
points about the system. That the current may be caused
to flow in such a system from a point of lower to one
of higher potential is no contravention of Ohm's law ; for,
of course, effective r.m.s. values are referred to. At any
instant current can only flow from a point of high to one
of low potential. Nevertheless, the r.m.s. value of the
potential at the receiving end may be larger than the
r.m.s. value of the potential at the power station owing
to phase difference.

Constant-potential transmission calls for a large amount
of reactance in the line contrary to orthodox practice,
where reactance is avoided as productive of pressure drop-
Most lines would not possess sufficient reactance, and there-
fore it would become necessary to add it in the form of
series reactance coils. In addition, a frequency of 50 cycles
would be preferable to one of 25, since it gives a greater
reactance.

A system designed on these principles would have a
number of remarkable operating characteristics. In the
first place it would of course be the duty of the operating
staff or of the automatic regulators to keep the voltage at
any point constant by adjusting the leading current taken
from the line by the synchronous condensers situated at
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the various points. When a short-circuit occurred in any
part of the line, in view of the fact that the short-circuit
power would be less than the full-load power, there would
be no general interference with the system. This is due to
the fact that the short-circuit power would be limited by
the reactance of the line—the reactance coils, if any, would
be inserted at the generating end of the feeders—while
for the load current the reactance is compensated by the
leading current.

Faults would therefore be only local affairs, and since
the reactance of the line, whether inherent or added, would
have the effect of limiting the short-circuit current, the duty
imposed upon the switches would be far less than in a
scheme of orthodox design where the flow of energy is
unlimited.*

The addition of line reactance together with the intro-
duction of reactive power would appear at first sight to
occasion an increased line loss. There is, however, no
diminution of efficiency, since owing to the higher
voltage the same work can be done with a smaller number
of amperes.

REACTANCE COILS FOR THE PROTECTION OF MOTOR END-
TURNS.

In some instances reactance coils are used to protect the
end-turns of high-tension induction motors at the moment
of switching on. These coils are often of the ironless
pattern, a few turns of copper strip wound in a helix or
flat spiral serving the purpose. Coils with iron cores are
occasionally used, the three phases being wound on a
common laminated straight core. It is imperative in such
cases that the greatest care should be taken to insulate the
coils well.

ADJUSTABLE REACTANCE COILS.

The problem of larger adjustable coils is one that will
have seriously to be tackled in the future. It presents itself
in its most acute aspect in the design of coils for shunting
a transmission line ; and the mode of adjustment which is
found most satisfactory in this instance is to change the
magnetic conditions. A continuous-current coil for super-
posing a continuous flux on an alternating flux might well
be used to render the reactance coil adjustable. Without
materially affecting the core loss the continuous current
gives the iron a magnetic bias, and the reactance coil
takes a higher magnetizing current than it would other-
wise do. While this method was originally proposed for
converting a transformer into a reactance coil, the author
does not believe that .the potentialities of this method of
rendering reactance coils adjustable has yet been realized ;
at least, he knows of no suggestions which apply to such
a method.

CONSTRUCTION OF REACTANCE COILS.

The construction of current-limiting reactance coils
brings the designer face to face with a number of diffi-
culties, the exact value of which it is not always easy to
appraise. In addition to the severe mechanical stresses
incidental to a short-circuit there are electrical stresses due

* It is probable that switches will in the future be rated not alone on
the capacity of the generator or feeder that they control, but upon the
value of the short-circuit current—as limited by the reactance in
circuit—which they are called upon to break.

to transient voltages, the precise value of which cannot be
foretold. Not only have the reactance coils to limit the
current, but they have to carry the current until the short-
circuit is cleared ; and since with reactance coils the over-
load relays, if any, will be set high, it may be that the
reactance coils will be called upon to carry the current for
many minutes.

Owing to the circumstances under which the coils work,
iron must be avoided in the construction, while in view of
the strong leakage field, all solid metal-work in the coil will
be a source of eddy currents and may become unduly heated
and cause a fire. Steel bolts, for instance, must not be
used.

An 8 per cent reactance coil for a io,ooo-kw. 6,600-volt
generator would on full load have a pressure drop of
300 volts. A short-circuit on the generator busbar leads
would result in a pressure of 3,800 volts, i.e. nearly 13
times full-load pressure, across the coil. Under such
circumstances the reactance coil must still retain to the
full its power to limit the current, and in order to meet
this condition its magnetic circuit must not beconte
saturated. In a reactance coil designed on orthodox
lines, during short-circuit the magnetomotive force would
be so great as to reduce the permeability of the iron to
practically that of air. To enable the iron to remain
unsaturated under this overload would mean such a low
normal flux density that the use of iron becomes far
from economical even if other electrical circumstances
made it permissible. For this reason ironless reactance
coils are the rule.

During short-circuit a large magnetomotive force is
developed in these coils. In an 8 per cent reactance
coiL protecting a 10,000-kw. 6,600-volt generator there
might be 44 turns. With full-load current the magneto-
motive force is 38,000 ampere-turns, rising to 570,000
ampere-turns on a short-circuit current of 15 times full
load. This is a large amount and calls for a careful
disposition of any solid conducting material inside the
coil.

In practice the coil takes several forms. In one, copper
cable is wound under tension upon special wood supports
which are bolted to a cylindrical concrete core. Where a
single cable to give the requisite capacity would be too
unwieldy, two are wound in parallel. According to its size
the coil has three or five layers. The cables are quite bare,
air being the insulator between adjacent turns. In view of
the rise of pressure which must inevitably occur at the end-
turns, each two end-turns are given greater clearance.
Between each section or layer there is a space of several
inches. Each end-turn is rigidly held by alloy clamps to
the wooden supports. These supports are composed of
strips of selected resin-filled maple having a disruptive
strength of over 75 kilovolts per inch across the grain, and
30 kilovolts per inch along the grain. They are secured at
their ends to the concrete core by radial brass bolts.
Grooves are cut in the supports to receive the cable,
which does not make direct contact with the wood. The
copper and wood are separated by heat shields of asbestos.
To increase the leakage distance between the layers of the
winding and between the winding and the core, maple
barriers are dovetailed into the sides of the supports. The
supports themselves are not directly in contact with the
concrete core, an insulating sheet separating the two.
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The woodwork is finished with several coats of cream-
coloured insulating enamel.

Sectional View of a Porcelain-clad Reactance Coil.

The core, which is hollow, is composed of a special
mixture of cement, made by pouring into a collapsible iron
mould. After removal from the mould the surface is
levelled up and rubbed down, and is finally painted

externally and internally with a number of coats of light
yellow creosote paint. To take the external mountings
and bracings the end of the core is provided with hexa-
gonal or square extensions, while for lifting purposes a
large nut or washer is received by a cored recess. For
clamping the wood supports to the core, cast alloy sockets
are embedded in the surface of the core. Into these
sockets pass radial brass studs insulated by micanite. The
nuts on these studs are insulated from the wood by heavy
insulating washers.

A further form of reactance coil is the porcelain-clad
coil, the chief characteristics of which are that the pancake
instead of the drum winding is adopted. The cable is
enclosed in a porcelain case, with the result that the coil is
smaller than one with air insulation. The reactances are
built up of horizontally-wound spirals (see diagram) sup-
ported in recesses formed in the porcelain arms which
radiate from a central core of alberene stone to an outer
enclosing well built up of porcelain segments. There are
two heavy concrete headers, one at either end, and these
are fastened to the wall by a number of mica-insulated
brass rods passing through the headers and porcelain seg-
ments. The conductors are insulated and the arrangement
of the interior of the coil gives a cellular construction
which permits adequate self-ventilation.

A typical coil constructed on this principle was said by
the manufacturer to give the following results :—

Number of turns, 34 ;
Reactance, 4*2 per cent (20,000 kw. 6,600 volts

25 cycles);
Ohmic resistance, 0*00195 o n m >
I2 R loss, 605 kw. ;
Eddy current loss, O'i86 kw. ;
Total losses, 6*236 kw. per coil;
Temperature rise, 330 C.


